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Abstract Recent studies have suggested that the structure of tropical cyclones (TCs), especially the
upper‐level clouds as indicated by satellite infrared brightness temperatures and precipitation, fluctuates
with the diurnal cycle. The diurnal cycle of the low‐level structure, including the boundary layer, has
not yet been investigated with observations. This study analyzes data from 2242 GPS dropsondes collected
in mature hurricanes to investigate the diurnal variation of the mean boundary layer structure.
A composite analysis is conducted to compare the kinematic and thermodynamic structure during
nighttime (0–6 local time) vs in the afternoon (12–18 local time). The composites show that much
stronger inflow occurs during nighttime and the moist entropy is also larger than that in the daytime.
Grouping the dropsonde data into 6‐h time windows relative to the local time shows a clear diurnal
signal of boundary layer inflow. The amplitude of the diurnal signal is largest at a radius of 250–500 km.

Plain Language Summary The upper‐level clouds that we see in satellite images of tropical
cyclones (also known as hurricanes) are often seen to expand and contract over the course of each day.
These expansions are associated with a pulse of thunderstorms and rain that travel hundreds of
kilometers away from the storm center. Although this daily cycle at upper levels of the atmosphere is
well established, it remains unknown whether there are similar changes in winds and moisture near the
surface. This study uses observations from hundreds of dropsondes – instruments on parachutes that
are dropped out of airplanes – to determine whether there are similar daily changes in the hurricane
winds at low altitudes. These winds are indeed shown to have a daily pattern, with stronger inflow
(wind flowing toward the storm center) and increased moisture occurring in the overnight hours as
compared to the rest of the day. These periods of increased inflow and moisture precede the outward
moving bands of thunderstorms, and then diminish as the bands steadily move outward to larger distances.
This study could help us better understand how the TC diurnal cycle affects the low‐level structure of storms.

1. Introduction
The diurnal variation of precipitation and convection over the tropical oceans has been recognized for sev-
eral decades (e.g., Browner et al., 1977; Gray & Jacobson, 1977; Randall et al., 1991; Liu & Moncrieff, 1998;
Ruppert & Hohenegger, 2018; Yang & Slingo, 2001). Recent observational studies have suggested that the
structure of tropical cyclones (TCs), especially the upper‐level clouds as measured by satellite infrared
brightness temperatures, tend to vary following a diurnal cycle and/or semi diurnal cycle (e.g., Bowman &
Fowler, 2015; Ditchek, Corbosiero, et al., 2019; Ditchek, Molinari, et al., 2019; Dunion et al., 2014; Kossin,
2002; Knaff et al., 2019; Leppert & Cecil, 2016; Wu & Ruan, 2016). Analyses of a 10 year data set of storm‐

centered infrared satellite images suggested that the TC diurnal cycle may be tied to hurricane dynamics,
structure and intensity change (Dunion et al., 2014).

Numerical studies have also confirmed the diurnal cycle of TC structure at both the genesis (Melhauser &
Zhang, 2014) and mature stages (Ruppert & O'Neill, 2019; Tang & Zhang, 2016) with attention to how radia-
tion affects the structure and diurnal cycle of TCs. O'Neill et al. (2017) investigated the possible mechanisms
that are responsible for the diurnal pulsing of clouds near the TC outflow layer and found diurnal waves that
have characteristics of internal gravity waves forced by heating in the TC inner core. Many previous studies
have documented boundary layer structure change in response to the diurnal cycle in non‐TC conditions
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(e.g., Betts et al., 2002; Kumar et al., 2010; Mellor & Yamada, 1974; Svensson, 2011). In global models, the
diurnal variation of boundary layer properties is very important (Holtslag et al., 2013), especially in the stable
boundary layer over land. Over the ocean, Liu and Liang (2010) found that the boundary layer height varies
with the diurnal cycle in non‐TC conditions. Additionally, Dunion et al. (2019) examined a hurricane nature
run (Nolan et al., 2013) and found strong diurnal variations of boundary layer inflow and surface winds.
However, these variations have not yet been identified in observations.

The purpose of this paper is to use in situ observations to investigate how the TC boundary layer structure
varies with the diurnal cycle in mature hurricanes. Both kinematic and thermodynamic structures are stu-
died, including inflow strength, boundary layer depth, and moisture distribution.

2. Data and Analysis Method

GPS dropsonde data are analyzed to study the diurnal variation of the boundary layer structure using a com-
posite analysis method. A detailed description of dropsonde specifications and performance can be found in
Hock and Franklin (1999). Dropsondes from 295 hurricane research and reconnaissance flights (NOAAWP‐
3D, G‐IV, and Air force C‐130 s) in 20 hurricanes are postprocessed. A total of 2,242 dropsondes that have
observations of wind, temperature, and humidity from flight level to ocean with no gaps (i.e., there are no
missing data between the aircraft flight level and the surface) are used in the final analysis. The purpose here
is to exclude dropsondes that terminate before they reach the maximum boundary layer inflow that is typi-
cally located at ~100 m altitude (Zhang et al., 2011). Following Dunion et al. (2014), we restrict to data col-
lected in mature hurricanes (Vmax ≥ 43 m/s, where Vmax is the maximum 1 min surface wind speed). Data
distribution and information are shown in the Supporting Information S1.We composite the dropsonde data
in a similar manner to Zhang et al. (2011, 2013). When compositing the data, the radial bin width is 20 km for
the inner core (R< 100 km), and it is 50 km for the outer region of the storm. Data are grouped relative to the
local time (LT) in four periods: night (0–6 LT), morning (6–12 LT), afternoon (12–18 LT), and evening (18–24
LT). Note that the derived variables are computed for each dropsonde before composite analysis.

3. Results

The differences in the composites between the night (0–6 LT) and afternoon (12–18 LT) groups are investi-
gated first, as these time periods were found to have significant TC diurnal‐cycle differences in previous
satellite studies (e.g., Dunion et al., 2014). Radius‐height (R‐Z) plots of the azimuthally averaged tangential
wind speed (Figures 1a and 1b) generally show similar structure between the night and afternoon compo-
sites. It is also evident that the maximum tangential wind speed is located at a height of ~700 m for both
groups (Figures 1a and 1b). The maximum value of the tangential wind speed is statistically significantly lar-
ger in the night composite than in the afternoon composite following a t test, although the difference is rela-
tively small (~5 m/s). Near the surface, the difference in the tangential wind speed is not statistically
significant between the two composites (Figure 1c). The wind field is also found to be broader in the night-
time than in the afternoon, especially for radii >300 km. These findings generally agree with a recent study
that examined diurnal variability of tangential wind in a realistic hurricane simulation (Dunion et al., 2019).
The height of the maximum tangential wind speed (as indicated by the dashed black line) shows similar
radial variation between the two groups, although it is slightly elevated during nighttime.

Radial wind speed shows a clear difference between the night and afternoon periods (Figures 1d–1f). It is
evident that the nighttime composite has stronger inflow near the eyewall region than the afternoon com-
posite (Figure 1f), and this difference is statistically significant at 95% confidence based on the t test. The
peak inflow in the night composite is 17.7 m/s while it is only 15.3 m/s in the afternoon composite. There
is a “moat” region (i.e., R = 150–200 km from storm center) where the difference in the radial wind speed
is relatively small between the two composites. At larger radii (R > 200 km), there is statistically significant
difference in the radial wind speed between the two composites, with the inflow layer at night being stronger
than in the afternoon out to a radius of ~500 km (Figure 1f). This finding is consistent with Dunion et al.
(2019). The TC inflow layer is also deeper at night than in the afternoon at outer radii (i.e., R = 200–500
km), as indicated by the black line which denotes the top of the inflow layer defined as the height of 10%
maximum inflow following Zhang et al. (2011).
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Composites of thermodynamic fields also show substantial differences between night and afternoon. Radius‐
height plots of relative humidity are shown in Figure 2a (night) and Figure 2b (afternoon). It is evident that
the relative humidity is statistically significantly larger at night than in the afternoon at all locations except
the moat region (Figure 2c). In the inner‐core region (i.e., R < 100 km), the relative humidity is as high as
95% in the night, while it only reaches 90% in the afternoon. The contour of 90% relative humidity
(black line) extends to ~2 km altitude in the night composite, while it only extends to ~1.3 km altitude in
the afternoon composite. Near the top of the TC inflow layer, the 85% contour (black dashed line) extends
outward to a radius of ~475 km at night, while it only extends out to ~250 km in the afternoon. These tenden-
cies for the radial extent of low‐level moisture to be enhanced (suppressed) in the night (afternoon) were also
found by Dunion et al. (2019) in the numerical simulation. The equivalent potential temperature (θe) is com-
pared between the night and afternoon composites in Figures 2d and 2e, showing a similar structure in the
eyewall region with the constant θe contour being nearly vertical in the eyewall (R ~ 50 km). Note that we

compute θe following Bolton (1980) in the form of: θe ¼ θexp Lvq
cpTLCL

� �
, where TLCL represents the lifting con-

densation level temperature, cp is the specific heat of air (at constant pressure), Lv is latent heat of vaporiza-
tion, q is specific humidity, and θ is the potential temperature. The magnitude of θe close to the storm center
(R ≤ 50 km) is statistically significantly larger in the night composite than in the afternoon composite
(Figure 2f). At outer radii, the largest difference in θe is seen at radii of 250–350 km, where θe is also statisti-
cally significantly larger in the nighttime than in the afternoon. Overall, the boundary layer θe is larger in the
night than in the afternoon at all vertical levels at R> 150 km. The enhancement of θe at night may be related
to the development of deep convection which propagates outward during the daytime as shown by Dunion
et al. (2019). It is also possible that the deeper and stronger inflow at night favors the development of convec-
tion through enhanced boundary layer convergence and/or turbulentmixing. It is shown in Figure 2i that the
thermodynamic mixed layer is more unstable at R > 200 km at night than in the afternoon. However, the

Figure 1. Dropsonde composites of tangential wind (Vt, upper panels) and radial wind (Vr, lower panels) for nighttime (0–6 LT, left panels) and afternoon (12–18
LT, middle panels). The difference fields are shown in the right panels. The black dashed line shows the height of themaximumVt and the black solid line shows the
inflow layer depth. The vertical stipples show regions where the difference is statistically significant at the 95% confidence level following a t test.
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thermodynamic mixed layer depth denoted by the height of 3 K/km in the vertical gradient of virtual
potential temperature (black line in Figures 2g and 2h), has similar values in the two composites. Note
that the virtual potential temperature, θv, has the form of θv = θ (1 + 0.61q). The mixed layer depth
increases from ~200 m near the storm center to ~800 m at R = 475 km for both composites.

To further evaluate the diurnal cycle of the inflow structure in the TC boundary layer, we group the drop-
sonde data into four time windows: 0–6 LT, 6–12 LT, 12–18 LT, and 18–24 LT, similar to that presented in

Figure 2. Dropsonde composites of relative humidity (a and b), equivalent potential temperature (θe, d and e), and vertical gradient of virtual potential temperature
(dθv/dz, g and h) for the night (0–6 LT, left panels) and afternoon (12–18 LT, middle panels) groups. In panels (a) and (b), the solid black line shows 90% contour,
while the dashed line shows the 85% contour. In (d) and (e), the solid black line shows contour of 355 K, while the dashed line shows contour of 345 K. in (g) and (h),
the black line shows the mixed layer depth denoted by contour of 3 K/km. The difference fields are shown in the right panels. The vertical stipples (black x) show
regions where the difference is statistically significant at 95% confidence.
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Dunion et al. (2014). We also split the data into radial bins as the composite analysis suggests that there are
possible differences in the extents of the diurnal cycle signal at different radial locations (cf. Figures 1c and
1d). At R = 0–100 km (Figure 3a), the peak inflow is ~2 m/s stronger during the evening (18–24 LT) than
during the morning (6–12 LT) or afternoon (12–18 LT). The outflow immediately above the inflow layer
correlates with the boundary layer inflow in that the peak outflow is stronger for the nighttime groups
(18–24 LT and 0–6 LT) than for the daytime (6–12 LT and 12–18 LT) groups. The inflow layer depth is
also shallower in the nighttime groups than that in the daytime groups by ~100 m.

Interestingly, at R = 100–250 km (Figure 3b), the difference in the peak inflow between the nighttime and
daytime groups is small, although the nighttime groups have slightly stronger inflow than the daytime
groups. This region is typically referred to as the “moat region” where mesoscale subsidence occurs, which
may prevent convective activity in this area of the storm, so that diurnal differences in the inflow strength

Figure 3. Plots of vertical profiles of the radial velocity averaged at different radial locations relative to the storm center for the four periods of interest: Night (0–6
LT), morning (6–12 LT), afternoon (12–18 LT), and evening (18–24 LT).
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are relatively small. Of note, Dunion et al. (2014, 2019) suggested that TC
diurnal cycle is most active from 150–500 km radius, which is consistent
with our result.

Figure 3 indicates that the diurnal cycle signal of the TC boundary layer
inflow is equally strong in the 250–350 km and 350–500 km ranges where
radially propagating diurnal pulses were clearly observed in the satellite
data documented by Dunion et al. (2014). The peak inflow is largest in
0–6 LT group, while it is smallest in the 12–18 LT group (Figure 3c).
The difference in the inflow strength between these two groups is as large
as ~3 m/swhich is statistically significant based on two‐tailed Student's t
test. Below 2 km altitude, there is almost no outflow in all groups except
the 6–12 LT group in which the outflow is very weak (<1 m/s). The inflow
layer depth is larger in the nighttime groups than in the daytime groups.

At R = 350–500 km, only inflow is observed below 1.5 km altitude
(Figure 3d). Again, the strength of the inflow is stronger at night than in
day. Similar to the region of R = 250–350 km, the diurnal variation of
the inflow strength is observed at this radius range (i.e., the boundary
layer inflow increases from the afternoon to early evening and peaks after
midnight then weakens again in the morning). Both the peak inflow and

inflow layer depth are largest in the 0–6 LT group.

The mean inflow at R = 250–350 km, derived by averaging the data within the lowest 1,000 m in cylindrical
coordinates, is shown in Figure 4 for different local time periods. Here, to better show the shape of the diur-
nal cycle, the data are grouped into eight periods. There is a clear diurnal signal for the boundary layer
inflow, showing that inflow is strongest at night (0–6 LT) and weakest in the afternoon (12–18 LT).
Interestingly, the diurnal oscillation is temporally asymmetric, with the strengthening inflow increasing
slowly over a period of almost 18 hr, then quickly decreasing to its midday minimum amplitude in just 6
hr. Note that inflow is denoted as negative Vr here. One interpretation of this pattern is that the 250–350
km boundary layer inflow is disrupted during the passage of outward propagating squall lines which have
their peak activity between 0 and 6 LT. The inflow recovers during the morning and appears to accelerate
in the evening, perhaps as new squall lines are developing closer to the TC center. Future observational cam-
paigns that use a combination of dropsondes and airborne or land‐based radar observations may be able to
support or refute this proposition.

4. Conclusions

This study analyzes over 2,000 GPS dropsondes collected in mature hurricane conditions to investigate the
diurnal variation of the mean TC boundary layer structure. A composite analysis is conducted to compare
the kinematic and thermodynamic structure of the boundary layer at night (0–6 LT) versus in the afternoon
(12–18 LT). It is found that the boundary layer inflow is much stronger and deeper at night than in the
afternoon. The boundary layer θe is also larger in the nighttime than in the daytime, especially for radii
>150 km. The relative humidity is larger both in the inner core (R < 100 km) and outer‐core regions in
the night composite than in the afternoon composite. The near‐surface boundary layer is more unstable
in the outer‐core region in the night composite than in the afternoon composite. Both the height of the
maximum tangential wind speed and thermodynamic mixed layer depth are similar between the night
and afternoon composites.

Grouping the dropsonde data into 6 hr windows relative to the local time shows a clear difference in the
inflow strength between nighttime and daytime groups for all radii. The inflow is stronger during nighttime
than during daytime. The amplitude of the diurnal cycle of the layer‐averaged boundary layer inflow is lar-
gest at R = 250–350 km. Strong diurnal pulsing of convection in this region has also been observed in infra-
red satellite data by previous studies (e.g., Dunion et al., 2014). An important question remains regarding
what drives the diurnal cycle of the radial inflow in the hurricane boundary layer. From a balanced
dynamics perspective, the outflow at upper levels may be related to the boundary layer inflow. Numerical
simulations show elevation of the outflow layer during the daytime (e.g., Dunion et al., 2019), which may

Figure 4. Plots of mean radial velocity averaged below 1,000 m altitude at
250–350 km radii as a function of local time. The error bars represent the
95% confidence interval.
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contribute to weaker outflow at upper levels during the daytime. Diurnal pulses have been suggested to exhi-
bit squall line‐like behaviors as they propagate away from the storm during the daytime (Dunion et al.,
2019). Enhanced convection associated these features could act to enhance upper‐level outflow at radii of
250–350 km during the day. It remains to be understood whether the enhanced convection during night-
time, perhaps supported by the moister boundary layer, causes the enhanced inflow, or whether enhanced
inflow causes more convection.

Our findings of the diurnal cycle of TC boundary layer inflow and thermal structure are also consistent with
signatures of a diurnal transverse circulation in both rotating and nonrotation frameworks as shown in sev-
eral previous studies (Ciesielski et al., 2018; Navarro et al., 2017; Ruppert & Hohenegger, 2018; Ruppert &
O'Neill, 2019). These studies illustrated an overnight intensification of bottom‐heavy overturning driven
by latent heating, and a daytime suppression of low‐level overturning but with the outflow both strength-
ened and lifted in response to shortwave radiative heating. These circulation changes are largely balanced
while the unbalanced component may be manifested as outward‐propagating gravity waves (Evans &
Nolan, 2019). It would be worthwhile to investigate the relationship between TC boundary layer structure
changes in relationship to middle‐ and upper‐level structure associated with the TC diurnal cycle in
future studies.

Previous studies have also discussed the role of sea surface temperature (SST) in influencing diurnal varia-
tions of surface wind speed and boundary layer structure in cloud‐free regions over the ocean (e.g., Betts
et al., 1995; Brill & Albrecht, 1982; Kawai & Wada, 2007; Large & Caron, 2015). At outer radii, it is possible
that SST varies diurnally, which needs to be evaluated in the future when collocated in situ SST observations
are available. A newly developed dropsonde system that incorporates an infrared sensor to measure SST can
help with this task (Zhang et al., 2017). Future study will also evaluate the effects of surface fluxes on bound-
ary layer recovery in the context of the TC diurnal cycle.
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